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FOREWORD 


The  research  described  in  this  report  was  conducted  by  the  Cornell 
Aeronautical  Laboratory,  Inc.,  Buffalo,  New  York  under  U.S.  Air  Force 
Contract  No.  AF33(Q38)-3551. 

This  project  is  part  of  a continuing  program  of  aircraft  flutter 
research  initiated  and  sponsored  the  Aircraft  Laboratory,  Wright  Air 
Development  Center,  The  project  was  administered  by  Messrs.  W.  J, 

Mykytow  and  L.  A.  Tolve  of  the  Dynamics  Branch,  Aircraft  Laboratory  and 
conducted  under  ARDC  Project,  Task  No.  13'70-13472,  "Subsonic  Wind  Tunnel 
Tests  on  Strai^t  and  Sweptback  Wings  Carrying  Tip  Weights", 

This  report  reveals  information  relating  to  flutter  research  with 
military  implications  to  aircraft  design.  Since  the  safeguarding  of  this 

information  is  necessary  in  the  interests  of  national  security,  this  

report,  exception  the  title,  has  been  classified  "Confidential"  in  its 
entirety  in  accordance  with  paragraphs  2,3  and  24»a(9)  of  APR  205-1. 
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ABSTRACT 


A wind  funnel  model  was  designed,  constructed,  and  tested  in  order  to 
accumulate  experimental  data  on  the  effects  of  systematic  changes  of  various 
tip  pod  mass  parameters  and  of  rigid  hody  degrees  of  freedom  on  wing  flutter 
characteristics,  and  to  compare  these  data  with  the  results  of  theoretical 
analyses.  A tapered  wing  with  quarter  chord  swept  hack  40°  was  tested  with 
heavy  tip  pods  in  cantilever,  symmetric,  and  antisymmetric  configurations, 

Flutter  analyses  v/ere  made  of  two  selected  configurations  in  each  of  the 
cantilever,  symmetric,  and  antisymmetric  modes.  Computed  results  from  analyses 
based  on  strip  theory  aerodynamics,  with  one  exception,  gave  good  agreement  with 
experimental  results,  whereas  analyses  based  on  finite  wing  aerodynamics  in 
general  yielded  appreciably  unconservative  flutter  speeds. 

4 

All  phases  of  the  project  were  conducted  at  the  Cornell  Aeronautical 
Laboratory,  Inc.,  Buffalo,  New  York.  The  wind  timnel  tests  were  performed 
i in  the  Laboratory's  8-|  x 12  ft.  Variable  Density  Tunnel  during  June  1953« 
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SYMBOLS 


-■W 

< 


T> 

X 

A 

II 

GJ 

W 

T-c 

^T,P 

Scp^p 


If, I 


¥ 

hCi) 


Semichord  of  wing  normal  to  elastic  axis,  in  inches 

Semichord  of  wing  at  reference  station  (3/^  span)  normal  to 
elastic  axis  = 8,7^  inches 

Length  of  wing  measured  along  the  elastic  axis  from  roll  axis 
to  tip  pod  centerline  = 76.63  inches 

Distance  along  elastic  axis  from  roll  axis,  in  inches 

Sweep  angle  of  elastic  axis  = 38°  15* 

2 

Wing  flexural  rigidity,  in  Ih.-in. 

p 

Wing  torsional  rigidity,  in  Ih.-in. 

Weight  of  wing  per  unit  span,  in  Ih.  per  inch 

Static  moment  of  wing  about  the  elastic  axis  per  unit  span,  positive 
for  aft  c.g.,  in  Ih. 

Moment  of  inertia  of  wing  about  the  elastic  axis  per  unit  span, 
in  lb, -in. 

Weight  of  tip  pod  and  fuselage  respectively,  in  lb. 

Static  moment  of  tip  pod  about  an  axis  normal  to  the  tip  pod 
centerline  through  the  intersection  of  the  elastic  axis  and 
tip  pod  centerline,  and  static  moment  of  fuselage  about  an  axis 
normal  to  the  fuselage  centerline  through  the  intersection  of  roll 
axis  and  elastic  axis,  respectively,  positive  for  aft  c.g.,  in 
lb. -in. 

Moment  of  inertia  of  tip  pod  about  an  axis  normal  to  the  tip  pod 
centerline  through  the  intersection  of  the  elastic  axis  and  tip 
pod  centerline,  and  moment  of  inertia  of  fuselage  about  an  axis 
normal  to  the  fuselage  centerline  through  the  intersection  of  roll 
axis. and  elastic  axis,  respectively,  in  Ib.-in.^ 

p 

IHiselage  roll  inertia  about  fuselage  centerline,  in  lb, -in, 

Hormalized  mode  shape  for  the  ith  mode.  Superscripts  (l),  (O), 

(p),  and  (r)  refer  respectively  to  first  cantilever  bending,  trans- 
lation, pitch, and  roll  modes. 


Mote  that  as  the  model  described  in  this  report  was  a half-span  model,  all 
fuselage  properties  as  defined  here  would  correspond  to  the  properties  of  a 
half -fuselage  for  a full-scale  aircraft.  1 > v s 1 

' -r ^ \ A V-..  ‘''•i  e f 5 5 \.) 

WADC  TR  53-161,  part  2 vA ^ 


oc 


(1) 


Hormalized  first  cantilever  torsion  mode  shape 


Normalized  slope  of  the  first  cantilever  bending  mode,  in 
radians  per  inch,  negative  for  positive  h(^^ 


Hormalized  slope  of  the  first  cantilever  bending  mode.at 
the  tip,  in  radians  per  inch,  negative  for  positive  h(^' 

Oeneralized  coordinate  in  the  ith  mode.  Si^ersorlpts  (1), 

)•  (0),  (p),  and  (r)  refer  respeetiveljr  to  first 
uncoupled  cantilever  bending,  first  uncoupled  cantilever 
torsion,  translation,  pitch,  and  roll  nodes.  Note  that  the 
dimensions  of  all  generalized  coordinates  are  in  inches,  except 
^whlch  is  non-dimensional  (radians) 


®ij 

T 


CJ 

CJi 


n 

Si 


Non-dimensional  mass  terms  defined  in  ippendix  I 
“liffective  o.g.  location”  » ’"la/’^ll*  Positive  aft 

Tip  pod  c.g.  location  = cosA/Vqi  bp,  positive  afi 

Tip  pod  rotary  Inertia  coupling  term  in  m^^-,  in  lb. -in., 
where  Bp  » It  slnAcosA.  = product  of  inertia  of  tip  pod 
with  respect  to  the  elastic  axis  and  the  normal  to  the 
elastic  axis  at  the  tip 

Oonponent  of  velocity  normal  to  the  elastic  axis,  in  nqph 
Flutter  velocity  in  the  free  stream  direction,  in  n^h 
Density  of  air,  in  lb.  per  cubic  inch 
Flutter  frequency,  in  radians  per  second 
Frequency  of  the  1th  mod^  in  radians  per  second 
Frequency,  in  cps 

Structviral  damping  coefficient  of  the  ith  mode 


Subscripts  (h),  (at  },  (hg),  (p),  and  (r)  on  frequencies  and  structriral 
dasiping  coefficients  refer  respectively  to  first  Tinooupled  cantilever 
bending,  first  uncoupled  cantilever  torsion,  translation,  pitch,  and  roll 
modes. 


All  other  symbols  are  defined  locally,  or  as  in  Hef.  5. 
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SUMMARY 


fhis  project  was  initiated  in  order  to  accumulate  experimental  data  on  the 
effect  of  Tarious  tip  pod  mass  parameters  on  the  flutter  characteristics  of 
wii^s  with  heavy  tip  pods,  and  to  compare  these  data  with  the  results  of  theo- 
retical analyses  for  selected  configurations.  IPhe  results  of  this  investigation 
for  straight,  tapered  wings  are  dealt  with  in  Part  1 of  this  report,  this,  the 
second' and  final  part,  considers  a tapered  wing  with  q^uarter  chord  swept  hack 
h0°. 


A flutter  model,  aeroelastically  typical  of  modern  high-speed  fighter-type 
aircraft,  was  designed, . constructed,  and  tested  in  the  wind  tunnel.  In  order 
to  obtain  an  xanderstanding  of  the  fundamental  interactions  of  the  parameters 
under  study  in  this  program,  air  speeds  were  limited  to  the  low  Mach  Kumher 
range  to  avoid  further  complications  due  to  compressibility  effects.  A sus- 
pension system  provided  the  desired  rigid  body  modes  and  fuselage  mass  properties, 
A complete  summary  of  test  results  with  fuselage  and  tip  pod  mass  properties  for 
all  configurations  is  found  in  Appendix  III. 

Generally,  flutter  was  violent  for  the  symmetric  configurations.  Although 
large  amplitude  flutter  was  the  rule  in  the  antisymmetric  configurations,  the 
onset  of  flutter  was  more  gradual.  Por  most  of  the  configurations,  considerable 
coupling  between  elastic  and  rigid  body  modes  was  present  during  flutter,  with 
the  flutter  frequency  in  many  cases  being  below  the .frequency  of  the  first 
elastic  normal  mode. 

The  lowest  values  of  Yu^b,.(C0o^  )r!flTTh  the  symmetric  and  cantilever  con- 
figurations tested  were  obtained  with  those  cases  which  had  effective  c.g, 
locations,  near  zero.  The  antisymmetric  cases  showed  decreasing  stability 

with  increasingly  positive  effective  c.g.  locations.  It  appears  that  configura- 
tions with  appreciably  negative  effective  c.g.'s  are  more  stable  for  both 
symmeti^ic  and  antisymmetric  root  conditions  than  configurations  with  corre- 
spondingly positive  effective  c.g.'s. 

The  tip  pod  c.g.  location,  as  reflected  in  the  location  of  the  inter- 

section point  of  the  first  two  coupled  mode  nodal  lines,  is  a fundamental 
parameter  in  the  antisymmetric  flutter  mode  of  swept  wings  with  heavy  tip  pods. 
Test  configurations  were  stable  for  intersection  points  forward  of  the  wing 
quarter  chord,  and  were  increasingly  unstable  for  intersection  points  aft  of 
the  quarter  chord. 
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Coasted  results  from  analyses  Ijased  on  strip  theory  aerodynamics,  with 
one  exception,  gave  good  agreement  with  e:]q>erimental  results,  whereas  analyses 
based  on  finite  wing  aerodynamics  in  general  yielded  appreciably  unconservatlve 
flutter  speeds. 

Tunnel  testing  technique  proved  satisfactory  in  all  respects.  Suspension 
system,  instrumentation,  and  flutter  brake  all  performed  well,  allowing  flutter 
data  to  be  obtained  with  minimum  difficulty. 

All  phases  of  the  work  were  performed  at  the  Cornell  Aeronautical  labora- 
tory, Inc.,  Buffalo,  New  York.  The  wind  tunnel  tests  were  performed  in  the 
laboratory's  8^  i 12  ft.  Yarlable  Density  Tunnel  during  June  1953* 
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lor  the  past  seTeral  years,  considerahle  interest  has  heen  shown  in  the 
■use  of  large  wing  tip  pods  as  external  fuel  or  armament  stores  and  for  anti- 
icing  equipment.  One  of  the  difficulties  associated  with  the  design  of  such 
airplane  configurations  has  "been  the  lack  of  pertinent  flutter  data,  which 
together  with  the  uncertainties  in  the  theoretical  analyses  of  such  configura- 
tions, indicated  the  need  for  an  experimental  investigation.  Accordingly,  the 
present  program  was  initiated. 

Previous  work  on  straight  wings  with  concentrated  weights  located  at 
varying  spanwise  and  chordwise  positions  is  reviewed  in  Part  1 of  this  report. 
Considerable  work  has  heen  done  by  Broadbent  and  others  on  the  effects  of  rigid 
bocJy  degrees  of'  freedom  on  the  flutter  of  swept  wings.  However,  for  swept  wings 
with  concentrated  weights,  published  work  has  been  confined  primarily  to  canti- 
lever root  conditions.  Eef.  1 considers  the  effect  of  variation  of  spanwise 
location  of  a concentrated  weight,  both  at  the  elastic  axis  and  at  the  leading 
edge  of  a uniform  wing.  Ref.  2 assesses  the  effect  of  variations  in  the  local 
rigidity  of  the  swept  wings  near  their  root  on  cantilever  configurations  similar 
to  those  of  Ref.  1,  Ref.  3 investigates  a high  aspect  ratio,  non-uniform  swept- 
^ back  wing,  with  two  concentrated  weights  located  at  two  fixed  stations  along  the 

span.  The  flutter  analyses  of  Ref.  3»  based  on  the  first  -uncoupled  cantilever 
bending  and  torsion  modes,  resulted  in  good  correlation  of  theory  and  experiment. 
4 None  of  the  above  references  considered  wings  with  tip  pods,  nor  were  the  effects 

of  rigid  body  degrees  of  freedom  investigated. 

This  project  is  part  of  a program  to  determine  experimentally  the  effects 
of  large  tip  pods  with  varying  mass  parameters  on  the  flutter  speed  of  straight 
and  sweptbacfc  wings.  Part  1 of  this  report  is  concerned  with  the  investigation 
of  a straight  tapered  wing  with  heavy  tip  pods.  This,  the  second  and  final 
part,  deals  with  a tapered  wing  with  the  quarter  chord  sweptback  with 

particular  reference  to  the  symmetric  and  antisymmetric  flutter  modes.  True 
symmetric  root  conditions  were  obtained,  with  freedom  in  both  rigid  body  trans- 
lation and  pitch. 

The  formal  objectives  of  this  program  may  be  noted  ass 

1,  Ixperimental  investigation  of,  the  effects  of  variation  of  tip  pod 
mass  parameters,  on  the  flutter  speed  of  a wing-fuselage  configuration 
in  cantilever,  symmetric,  and  antisymmetric  modes. 

2,  Comparison  of  the  meas'ured  data  with  theory  for  selected  configurations. 
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I.  DISCRIPSION  OP  MODIL  AND  iqfJIPMim 


Ihe  model  tested  under  Part  2 of  this  program  was  a half-span,  tapered 
wing,  with  the  quarter  chord  line  swept  back  40°.  A large  tip  pod  was 
mounted  at  the  wing  tip.  The  model  was  mounted  vertically  in  the  Cornell 
Aeronautical  to,boratory  8^  x 12  ft.  Variable  Density  Wind  Tunnel,  the  tunnel 
ceiling  acting  as  a reflection  plane.  Pigs.  2 and  3 show  the  model  as 
Bomted  in  the  wind  tunnel. 

The  model  semi-spam  measured  60  in.  from  the  model  suspension  roll  axis 
to  the  tip  pod  centerline,  . The  theoretical  root  chord  hbrmal  to  the  elastic 
axis  at  the  roll  axis  was  28  in.  and  the  theoretical  tip  chord  normal  to  the 
elastic  axis  at  the  tip  pod  centerline  was  14  in.,  which  resulted  in  a taper 
ratio  of  0,5,  and  an  aspect  ratio  of  5*2  based  on  the  exposed  wing  area.  The 
airfoil  contour  was  the  UACA  Series  "0010"  over  the  entire  span.  The  model 
plan  form  is  shown  in  Pig,  4. 

Model  construction  was  identical  in  all  re'spects  to  the  model  described 
in  Part  1 of  this  report,  except  for  details  involving  sweep.  These  included 
the  wing  root  fitting  for  attachment  of  the  wing  to  the  suspension  system,  and 
the  tip  fitting. for  attachment  of  the  tip  pod  to  the  wing  tip.  The  balsa 
blocks,  which  provided  airfoil  contour,  were  bonded  to  the  dural  chord  sheet 
normal  to  the  spar,  which  was  located  along  the  4056  chord  line.  Tip  pods 
differed  from  those  used  in  Part  1 of  this  program  only  in  length,  this 
'Variation  being  provided  by  cylindrical  extensions  at  the  nose  and  tail. 

Wing  mass  and  tip  pod  inertial  properties  of  the  various  test  configurations 
are  summarized  in  Tables  1 and  2 to  4,  respectively.  Tip  pod  plan  forms  are 
summarized  in  Table  5, 
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Fig.  2 TUNNEL  INSTALLATION  OF  COMPLETE 

MODEL  , . 

:!Ml  r 
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Fig.  3 TUNNEL  INSTALLATION  OF  COMPLETE 
MODEL  LOOKING  DOWNSTREAM 
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TABLE  I 


SUMMARY  OF  WINO  MASS  rROPERTIlS 


Station  for 
CoA.centrated 
Load 


WAX 


Inches  From 
Roll  Axis 


Along  Elastic 
Axis 


lb 


20.00 

35.00 

50.00 
65.00 
76.63 


9.56 

6.41 

4.34 

3.31 

0.49 


SecAx 


lb. -in. 

10.13 

6.97 

3.89 

5.19 

2.61 
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TABLE  2 

SUMMARY  OF  TIP  POD  AMD  PUSELAOE  MASS  PROPERTIES  - SYMMETRIC  CASES 


4A 

12 

22 

22A 

33 

33A 

33B 

330 

100 


Wj 

It. 

St 

lb. -in. 

It  0 

lb, -in. 2 

Wf 

lb. 

Sj* 

lb.— in. 

If  2 
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TABLE  3 

SUMMARY  OP  TIP  POD  MASS  PROPERTIES  - CAMTILEVER  CASES 
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TABLE  k 


svmmx  OF  TIP  POD  and  FUSBLAOE  mass  PROPIRTIIS  - AHTISYMMilRIO  OASIS 
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Fig.  5 SUSPENSION  SYSTEM  SHOWING  PITCH 
PLATE  AND  WEIGHT  IN  FURTHEST  AFT  POSITION 
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The  wind  tunnel  model  suspension  differed  from  that  used  in  Part  1 of 
this  program  in  the  addition  of  extension  plates  to  the  suspension  head 
assembly , as  shown  in  Pig.  5,  and  schematically  in  Pig.  1,  p,  1.  These  plates 
could  he  extended  either  fore  or  aft  of  the  suspension  head  assembly.  By 
attaching  weights  to  these  extension  plates  at  vajpylng  distances  from  the 
pitch  axis,  a larger  variation  in  fuselage  atatid  unbalance  could  be  achieved 
than  for  the  straight  wing  tests.  Also,  the  Houdaille  damper  previously 
incorporated  in  the  suspension  was  removed.  The  effective  fuselage  mass 
properties  for  the  various  configurations  are  summarized  in  Tables  2 to  4, 
pp.  6 and  7. 

The  flutter  brake  was  identical  to  that  used  in  the  flutter  tests  of 
Part  1 of  this  program.  Model  instrumentation  was  likewise  identical,  except 
for  the  use  of  Consolidated  instead  of  Martin  type  accelerometers, 

A complete  summary  of  test  results,  together  with  tip  pod  and  fuselage 
mass  properties  for  all  configurations,  is  found  in  Appendix  III. 


II.  PffiELIMINASY  TESTS 


Preliminary  tests  were  of  three  types:  static  tests  of  the  model  to  check 
the  theoretical  flexural  and  torsional  stiffness  distributions,  dynamic  tests  of 
the  model  to  determine  the  coupled  mode  frequencies  and  coupled  mode  nodal  lines, 
and  accelerometer  and  displacement  pickup  calibration  tests. 

A.  Static  Tests 


Static  tests,  which  were  made  with  the  wing  model  cantilevered  at  the 
root,  indicated  that  the  theoretical  flexural  eind  torsional  stiffness  distri- 
butions were  satisfactory  as  shown  by  a comparison  of  experimental  and  computed 
normalized  deflection  curves.  However,  it  was  found  that,  to  obtain  good  corre- 
lation of  experimental  and  computed  coupled  mode  frequencies,  small  adjustments 
in  the  magnitudes  of  the  rigidities  were  required.  Inasmuch  as  no  atten5)t  was 
made  to  duplicate  the  stiffness  properties  of  an  actual  wing,  this  procedtire 
was  deemed  satisfactory.  The  flexural  and  torsional  rigidities,  as  used  in 
the  vibration  and  flutter  analyses,  are  shown  in  Pigs.  6 and  7,  and  normalized 
deflection  curves  resulting  from  these  rigidities  are  compared  with  static 
test  results  in  Pigs.  8 euid  9. 
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Fig.  7 TORSIONAL  STIFFNESS  VARIATION  WITH  SPAN 
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normalized  bending  deflection 


Fig.  8 COMPARISON  OF  COMPUTED  AND  EXPERI- 
MENTAL STATIC  BENDING  DEFLECTION  UNDER  UNIT 
SHEAR  LOAD  APPLIED  AT  INTERSECTION  OF  TIP  POD 
CENTER  LINE  AND  ELASTIC  AXIS 
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Fig.  9 COMPARISON  OF  COMPUTED  AND 
EXPERIMENTAL  STATIC  TORSIONAL  DEFLECTION 
UNDER  TORQUE  APPLIED  13  INCHES  INBOARD 
FROM  TIP  ALONG  ELASTIC  AXIS 
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B,  VlBratlon  Testa 

Coupled  mode  frequencies  and  nodal  lines  were  obtained  for  all  con=> 
figurations  But  one  (case  15  antisymmetric).  The  model  was  excited  manually 
in  the  proper  mode  and  nodes  as  observed  visually  on  the  wing  and  on  the  tip  pod 
were  recorded.  The  model  vibration  was  then  allowed  to  damp  out  and  an  oscillo- 
graph recording  made  of  the  various  displacement  piclaq)  and  accelerometer  dis- 
placement data.  The  results  of  these  tests  are  shown  in  Figs.  10  to  b-1. 

It  should  be  noted  that  nodal  lines  obtained  on  the  tip  pod  of  a swept 
wing  are  generally  isolated  nodal  lines,  and  not  necessarily  continuous  with 
nodel  lines  on  the  wing  itself.  Whereas  a point  on  a wing  coupled  mode  nodal 
line  is  completely  defined  by  the  bending  and  torsional  deflection  of  the  elastic 
axis  at  that  station,  tip  pod  nodal  lines  are  determined  by  the  tip  bending  slope 
as  well  as  the  tip  bending  and  torsional  deflections.  In  Figs.  10  to  hi,  nodal 
lines  on  the  tip  pod  are  shown  as  isolated  points  on  the  tip  pod  centerline,  unless 
the  wing  nodal  line  passes  directly  through  the  wing  tip. 

During  preliminary  vibration  tests,  an  attempt  was  made  to  obtain  canti- 
lever uncoupled  mode  frequencies  in  the  manner  described  in  Part  1 of  this 
report.  The  results  were  not  satisfactory,  in  that  this  method  did  not  introduce 
proper  restraint  of  the  tip  bending  slope,  and  consequently  did  not  eliminate 
the  rotary  inertia  coupling  of  the  system. 

C.  Calibration  Tests 

Fuselage  displacement  pickups  were  calibrated  in  orthodox  fashion.  A 
different  type  of  accelerometer  calibration  was  used  than  in  Part  1,  in  that 
the  accelerometers  were  calibrated  together  with  their  associated  channels, 
rather  than  independently.  Both  dynamic  calibration,  using  a vibrating  beam 
at  various  frequencies,  and  the  usual  2g  static  acceleration  difference  calibra- 
tions were  made. 


III.  TUmEL  TESTS 


All  flutter  tests  were  run  in  the  Cornell  Aeronautical  laboratory 
8-|  X 12  ft.  Variable  Density  Wind  Qlunnel  under  ambient  atmospheric  conditions 
which  approximate  standard  sea  level  density.  The  maximum  air  speed  to  which 
az^  of  the  tests  was  carried  was  approximately  275  mph. 
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Fig.  iO  COUPLED  MODE  NODAL  LINES 
CASE  3 CANTILEVER 


Fig.  //  COUPLED  MODE  NODAL  LINES 
CASE  4 CANTILEVER 
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Fig,  12  COUPLED  MODE  NODAL  LINES 
CASE  4A  CANTILEVER 
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Fig,  14  COUPLED  MODE  NODAL  LINES 
CASE  13  CANTILEVER 
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Fig.  15  COUPLED  MODE  NODAL  LINES 
CASE  3 SYMMETRIC 
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Fig.  16  COUPLED  MODE  NODAL  LINES 
CASE  4 SYMMETRIC 
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WADC  TR  53-161,  Part  2 22 


Figjr  COUPLED  MODE  NODAL  LINES 
CASE  4 A SYMMETRIC 


Fig.  18  COUPLED  MODE  NODAL  LINES 
CASE  12  SYMMETRIC 
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Fig.  19  COUPLED  MODE  NODAL  LINES 
CASE  22  SYMMETRIC 
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FIq.  20  COUPLED  MODE  NODAL  LINES 
CASE  22 A SYMMETRIC 


Fig.  2!  COUPLED  MODE  NODAL  LINES 
CASE  33  SYMMETRIC 
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Fig.  22  COUPLED  MODE  NODAL  LINES 
CASE  100  SYMMETRIC 
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Fig.  23  COUPLED  MODE  NODAL  LINES 
CASE  33A  SYMMETRIC 


Fig.  24  COUPLED  MODE  NODAL  LINES 
CASE  33 B SYMMETRIC 
(TRANSLATION  FREE , PJTOH  LOCKED) 
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Fig.25  COUPLED  MODE  NODAL  LINES 
CASE  33C  SYMMETRIC 
( TRANSLATION  LOCKED,  PITCH  FREE  ) 


Fig.  26  COUPLED  MODE  NODAL  LINES 
CASE  I5B  ANTISYMMETRIC 
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Fig.  27  COUPLED  MODE  NODAL  LINES 
CASE  18-1  ANTISYMMETRIC 
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Fig.  28  COUPLED  MODE  NODAL  LINES 
CASE  3 ANTISYMMETRIC 


Fig.  29  COUPLED  MODE  NODAL  LINES 
CASE  4 ANTISYMMETRIC 


Fig, 30  COUPLED  MODE  NODAL  LINES 
CASE  10  ANTISYMMETRIC 
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Fig.  3!  COUPLED  MODE  NODAL  LINES 
CASE  13  ANTISYMMETRIC 


Fig.32  COUPLED  MODE  NODAL  LINES 
CASE  Id  ANTISYMMETRIC 


Fig  33  COUPLED  MODE  NODAL  LINES 
CASE  19  ANTISYMMETRIC 


Fig.  35  COUPLED  MODE  NODAL  LINES 
CASE  22  ANTISYMMETRIC 


Fig.  36  COUPLED  MODE  NODAL  LINES 
CASE  28-!  ANTISYMMETRIC 


Fig.  37  COUPLED  MODE  NODAL  LINES 
CASE  3!  ANTISYMMETRIC 


Fig. 58  COUPLED  MODE  NODAL  LINES 
CASE  18-2  ANTISYMMETRIC 
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Fig.  39  COUPLED  MODE  NODAL  LINES 
CASE  28  ANTISYMMETRIC 
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Fig.  40  COUPLED  MODE  NODAL  LINES 
CASE  ISA  ANTISYMMETRIC 
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Fig.  41  COUPLED  MODE  NODAL  LINES 
CASE  30  ANTISYMMETRIC 
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Testing  technique  was  similar  to  that  used  during  the  tests  of  Part  1 of 
this  program.  Excitation  of  the  model  in  all  configurations  was  achieved 
manually  by  means  of  a string  attached  to  the  front  flutter  brake  pylon  on  the 
tip  pod.  Pig.  42  shows  a typical  flutter  record. 

Tables  6,  7»  and  8 give  a summary  of  flutter  test  data.  The  values  of 
Vu^brW  listed  here  are  based  on  a reference  semi-chord  normal  to  the  elastic 
axis  at  the  three-quarter  span,  and  the  component  of  the  free  stream  velocity 
normal  to  the  elastic  axis. 


IV.  VIBRATIOir  ANALYSES 


Daring  the  vibration  analyses  of  Part  1 of  this  program,  it  was  found  that 
for  straight  wings  with  heavy  tip  pods,  the  first  uncoupled  cantilever  bending 
and  torsion  mode  shapes  varied  only  slightly  with  changing  tip  pod  mass  parame- 
ters. Purthermore,  uncoupled  modes  higher  than  the  first  bending  and  torsion 
modes  were  found  to  have  negligible  effect  in  either  the  vibration  or  flutter 
analyses  because  of  the  high  frequencies  associated  with  such  modes.  Analyses 
for  the  swept  wing  configurations  showed  that  a similar  trend  could  be  expected. 
In  view  of  this,  all  vibration  and  flutter  analyses  of  the  swept  wing  model 
were  made  incorporating  only  the  first  uncoupled  cantilever  bending  and  torsion 
modes  together  with  the  appropriate  rigid  body  degrees  of  freedom. 

Cases  3 4,  for  which  positive  flutter  points  were  obtained  with  canti- 

lever, symmetric,  and  antisymmetric  root  conditions  and  which  had  considerable 
variation  in  tip  pod  mass  properties,  were  chosen  for  vibration  and  flutter 
analyses.  Case  3 was  used  as  a basic  configuration.  Using  the  flexural  and 
torsional  rigidity  distributions  of  Pigs.  6 and  7,  pp.  11  and  12,  the  uncoupled 
cantilever  bending  and  the  \incoupled  cantilever  torsion  frequencies  and  mode 
shapes  were  computed  by  standard  methods.  The  resulting  normalized  mode  shapes 
are  shown  in  Pigs.  43  and  44. 

The  vibration  analyses  indicated  that  the  wing  mass  effects  were  small 
compared  to  those  of  the  tip  pod.  In  consequence  of  this  and  the  assumption 
of  constant  mode  shapes,  it  was  possible,  with  only  small  errors,  to  simplify 
the  computation  of  first_ uncoupled  cantilever  bending  and  torsion  frequencies 
for  the  various  configurations  by  replacing  the  wing  with  a weightless  spring 
and  a constant  equivalent  effective  mass  at  the  tip  which  was  combined  with  the 
various  tip' pod  mass  parameters. 
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TABLE  7 

SUMMARY  OF  FLUTTER  TEST  DATA  - SYMl^TRIC  CASES 
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SUMMARY  OF  FLUTTMl  TEST  DATA  - AMlISYMMliraiC  OASIS 
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Fig.  43  FIRST  UNCOUPLED  CANTILEVER  BENDING  MODE  SHAPE 

CASE  3 
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WING  STATION  FROM  ROLL  AXIS  ALONG  ELASTIC  AXIS-  IN. 

Fig,  4 4 FIRST  UNCOUPLED  CANTILEVER  TORSION  MODE  SHAPE 

CASE  3 
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The  first  irticoupled  cantilever  torsion  and  bending  inodes  and  the  appropriate 
rigid  body  modes  were  used  as  gennralized  coordinates  and  coupled  in  the  usual 
fashion  to  compute  normal  modes  for  cases  3 «ind  4 in  the  cantilever,  symmetric, 
and  antisymmetric  configurations.  The  frequencies  and  nodal  lines  thus  computed 
are  shov/n  on  the  appropriate  fi^pirrs  in  Section  II,  where  they  may  be  compared 
to  experimental  results. 


V.  FLUTTER  MALYSES 


Analyses  based  on  two  dimensional  aerodynamic  coefficients,  and  analyses 
based  on  finite  wing  theory  were  made  of  cases  3 S’Jii  ^ symmetric,  antisymmetric, 
and  cantilever.  In  all  cases,  the  velocity  component  method  of  analysis  of 
Ref.  4 was  used.  Figure  45  shows  the  wing  plan  form  on  which  the  analyses 
virere  based,  as  well  as  the  coordinate  system  used. 

In  the  finite  wing  analyses,  a reflection  plane  was  assumed  at  the  wing 
root  normal  to  the  elastic  axis,  rather  than  in  the  free  stream  direction  as 
was  actually  the  case  with  the  tunnel  ceiling.  This  allowed  the  finite  wing  theory 
of  Part  1 of  this  program  to  be  used  directly  in  velocity  component  analyses. 

For  the  purposes  of  computing  static  circulation  ratios  for  aspect  ratio 
corrections,  the  wing  tip  v/as  assumed  to  extend  to  the  intersection  of  the  wing 
elastic  axis  and  the  outer  edge  of  the  tip  pod  (see  A,’  Fig.  45).  However,  in 
the  finite  wing  analyses,  in  the  computation  of  aerodynamic  forces  and  moments, 
the  wing  was  assumed  to  extend  only  to  the  center  line  of  the  tip  pod  (B,  Fig.  45). 
Analyses  were  also  made  using  the  same  static  circulation  ratios,  but  with  the 
aerodynamic  forces  and  moments  based  on  a wing  extending  only  to  the  inner  edge 
of  the  tip  pod  (C,  Pig.  45). 

As  customary,  only  spanwise  flow  corrections  to  the  aerodynamic  forces  due 
to  bending  deflections  were  applied  to  the  analysis,  spanwise  flow  corrections 
due  to  torsional  deflections  being  neglected. 

Tip  pod  aerodynamics  derived  from  slender  body  theory  for  the  portion  of 
the  tip  pod  forward  of  the  viing  leading  edge  were  included  in  all  analyses. 

In  the  derivation,  circulation  and  shed  vorticity  effects  were  neglected,  as  was 
the  case  in  the  tip  pod  aerodynamics  used  in  the  analyses  of  Part  1 of  this 
program. 

The  analyses  of  the  cantilever  cases  were  based  on  the  first  uncoupled 
cantilever  bending  and  torsion  modes.  The  ana.lyses  of  the  symmetric  cases 
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incorporated  the  above  cantilever  modes  plus  rigid  body  translation  and  rigid 
body  pitch  modes.  The  antisymmetric  analyses  included  the  rigid  body  roll  mode 
in  addition  to  the  uncoupled  cantilever  modes. 

The  structural  damping  coefficients  used  in  the  analyses  were  as  follows; 

0,01  in  the  first  bending  mode,  0,01  in  the  first  torsion  mode  (except  for 
case  3 symmetric,  in  which  0,015  was  used),  0,1  in  the  pitch  mode,  0,25  in  the 
translation  mode,  and  0,05  in  the  roll  mode.  These  coefficients  correspond 
closely  to  experimental  values. 

The  results  of  these  analyses  are  shown  in  Figs.  46  to  $1  and  in  Table  9» 
Formulae  for  the  aerodynamic  and  mechanical  terms  used  in  the  analyses  are  given 
in  Appendix  I. 

It  should  be  noted  that,  in- addition  to  inherent  differences  between 
flutter  analyses  of  straight  and  swept  wings,  the  analyses  of  Pairts  1 and  2 of 
this  report  differ  in  several  other  respects.  In  Part  2,  to  avoid  the  complexities 
arising  from  the  geometric  coupling  due  to  sweep,  the  uncoupled  elastic  modes 
Used  in  all  analyses  were  -uncoupled  cantilever  modes.  In  Paurt  1,  the  uncoupled 
elastic  modes  used  in  the  analysis  of  each  configuration  included  its  appropriate 
root  freedoms.  In  addition,  the  following  differences  are  noted; 

Flutter  Analyses  - Two  Dimensional  Aerodynamic  Coefficients 
Part  1 Part  2 
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Thus  in  Part  2 the  two  dimensional  and  finite  span  analyses  were  made  to  differ 
only  in  the  values  of  P + jG  used  in  the  aerodynamic  coefficients  in  order  that 
comparison  of  the  relative  validity  of  the  two  methods  of  analysis  might  he  made 
on  an  equitable  basis. 


VI.  DISCUSSION  AND  EBSULTS 


A.  Model..  Suspension  System,  and  Instrumentation 

The  wind  tunnel  model,  suspension  system,  and  flutter  brake  were  all 
completely  satisfactory.  Accurate  flutter  data  was  obtained  relatively  quickly, 
and  with  no  damage  to'  the  model.  ' As  all  the  above  components  were  similar  to 
items  used  in  Part  1 of  this  program,  this  was  to  be  expected. 

Instrumentation  performance  was  satisfactory  as  reflected  in  a com- 
parison of  coupled  mode  nodal  lines  obtained  visually  with  those  reduced  from 
accelerometer  data.  It  is  felt  that  this  is  primarily  due  to  the  use  of  the 
Consolidated  accelerometers.  Although  somewhat  heavier  than  the  Martin  type 
which  were  used  for  the  straight  wing  tests,  the  Consolidated  accelerometers 
appear  to  supply  more  accurate  displacement  data  at  the  very  low  frequencies 
involved  in  these  tests. 

B.  Vibration  Testa 


The  coupled  mode  nodal  lines  for  the  cantilever  configurations  were 
similar  to  those  encountered  with  the  straight  wing.  With  the  addition  of  rigid 
body  modes,  however,  this  similarity  vanished.  Whereas  the  nodal  lines  for  the 
antisymmetric  configurations  resemble  somewhat  those  for  the  straight  wing,  the 
associated  frequencies  8o:e  in  reverse  order.  It  is  of  interest  to  note  that  even 
with  the  wide  variation  of  tip  pod  and  fuselage  mass  properties  encoxmtered  in 
the  antisymmetric  test  cases,  none  resulted  in  coupled  mode  frequencies  ordered 
with  the  nodal  lines  as  in  the  straight  wing.  With  the  exception  of  Case  100, 
the  symmetric  cases  exhibited  bending  outboard  with  pitch  inboard  in  one  coupled 
mode,  and  torsion  outboard  with  translation  inboard  in  the  other  mode.  Case  100 
with  the  smallest  tip  pod  weight  and  pitch  moment  of  inertia  of  any  of  the 
symmetric  cases,'  resulted  in  coupled  mode  nodal  lines  more  nearly  like  those 
found  in  the  symmetric  cases  for  the  straight  wing. 

The  differences  in  the  dynamic  behavior  between  the  straight  and  swept 
wings  with  tip  pods  are  obviously  attributable  to  the  more  involved  interaction, 
as  a result  of  sweep,  between  the  rigid  body  modes  themselves  and  between  the 
rigid  body  modes  and  the  elastic  modes.  This,  and  the  presence  of  large  rotary 
inertia  mass  couplings,  makes  it  considerably  more  difficult  to  foresee  the 
efjfects  of  varying  tip  pod  mass  properties  for  the  r se  of  swept  wings. 
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C,  glTitter  fests 

Flutter  test  results  are  summarized  in  Ta^bles  6 to  8,  pp,  50  and  51. 
fhe  various  tip  pod  configurations  were  chosen  primarily  to  afford  a wide  varia- 
tion of  the  parameters  VIj  and  /[i.  In  addition,  some  tests  were  made  in  which 
fuselage  inertial  parameters  were  varied. 

Izcept  for  Cases  12,  33^,  and  100,  the  symmetric  configurations  fluttered 
violently  with  considerahle  coupling  "between  the  first  torsion  and  rigid  body 
modes,  and  with  flutter  frequencies  at  or  "below  the  first  coupled  mode  freqiiencies. 
Cases  12  and  100,  which  had  the  lowest  tip  pod  weights  and  pitch  moments  of  inertia, 
exhi"bited  primarily  hending-torsion  coupling  during  flutter.  From  visual  o'bserva- 
t ion  during  the  tests  of  Case  33A,  all  four  degrees  of  freedom  were  present,  and 
of  importance  in  the  flutter  mode. 

The  antisymmetric  configurations  generally  showed  a gradual  huild  up  of 
amplitude  as  the  flutter  speed  was  reached,  only  two  cases  exhi'biting  violent, 
highly  divergent  flutter.  These  were  Cases  4 antisymmetric  and  3I  antisymmetric, 
both, of  which  fluttered  at  relatively  high  speeds.  All  antisymmetric  configura- 
tions except  31  appeared  to  flutter  with  primarily  torsion-roll  coupling,  with 
flutter  frequencies  at  or  below  the  first  coupled  mode  frequency.  Case  Jl,  with 
the  lowest  tip  pod  weight  and  pitch  moment  of  inertia,  fluttered  in  a primarily 
bending-torsion  mode  with  the  flutter  frequency  between  the  two  coupled  mode 
frequencies,  and  in  these  respects  was  the  only  case  comparable  to  the  straight 
wing  antisymmetric  configurations. 

It  was  observed  during  the  flutter  tests  of  cases  involving  rigid  body 
degrees  of  freedom  that  the  effect  of  the  rigid  body  modes,  on  the  elastic  modes 
changed  significantly  with  airspeed,  as  evidenced  by  the  shift  in  nodal  line 
locations  dtiring  model  excitations. 

Two  of  the  five  cantilever  configurations  exhibited  violent  flutter.  In 
particular,  for  case  I3  cantilever,  the  transition  from  stable  motion  to  violent 
highly  divergent  flutter  occurred  within  a 2 mph  increase  in  tunnel  speed. 

For  those  configurations  tested  with  both  symmetric  and  cantilever  root 
conditions,  the  symmetric  cases  fluttered  at  higher  Fu/by(uJ,j,  Furthermore, 

it  is  to  be  noted  that  for  these  configurations,  the  percentage  increase  in 
7H/bj,(tu^  )eant  going  from  cantilever  to  symmetric  root  conditions  became 
larger  with  increasing  tip  pod  weight  and  pitch  moment  of  inertia.  Cases  33B 
symmetric  said  330  symmetric,  identical  to  33A  symmetric  except  with,  respectively, 
rigid  body  pitch  and  rigid  body  translation  locked  out,  show  that  the  individual 
rigid  body  degrees  of  freedom  produce  wide  variations  in  the  flutter  mode  and  in 

at  flutter,  although  the  maxinmm  change  in  flutter  speed  of  these  two 
cases  from  Case  33-4  symmetric  was  only  of  the  order  of  IC^, 

Figures  52  and  53*  showing  plots  of  vs.  the  "effective 

c.g,  location",  '*^1*  appear  to  indicate  stability  boundaries  for  the  test  cases. 
These  bo\indaries  represent  the  lower  limits  of  at  which  flutter 
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was  obtained  over  the  range  of  iTj  ^ tested.  For  the  syminetrlc  and  cantilever 
cases  a critical  flutter  region  exists  at  values  of  Yjj  close  to  zero,  in  that 
the  stability  boundary  of  Fig.  52  is  at  a minimum.  As  the  most  stable  anti- 
symmetric configurations  were  those  with  forward  effective  c.g.  locations,  it 
appears  that  conf igurations  with  appreciably  negative  will  be  more  stable 
in  both  symmetric  and  antisymmetric  modes.  Such  negative  effective  c.g.  con- 
figurations can  only  be  obtained  with  tip  pods  sufficiently  nose  heavy  to 
decisively  override  the  rotary  inertia  coupling.  It  should  be  observed  that 
there  is  a maximum  distance  along  the  tip  pod  forward  of  the  elastic  axis  at 
which  the  actual  tip  pod  c.g.  can  be  placed  to  achieve  this  purpose.  Forward  of 
this  point,  the  increase  in  the  rotary  inertia  coupling  will  more  than  offset 
the  additional  mass  static  unbalance  coupling.  However,  for  normal  configura- 
tions, this  distance  is  s-uff iciently  large  so  that  the  achievement  of  effectively 
nose  heavy  configurations  presents  no  difficulty.  For  the  symmetric  and  canti- 
lever cases,  the  data  appear  to  follow  the  conclusions  of  Blot  and  Arnold  in 
Ref.  6 relative  to  the  association  of  minimum  flutter  speeds  with  the  proximity 
of  a normal  mode  nodal  line  to  the  75/S  chord  position. 

In  general,  flutter  was  not  obtained  for  antisymmetric  cases  with  forward 
effective  c.g.  locations.  Large  variations  in  fuselage  roll  inertia  did  not  appear 
to  affect  this  result,  as  demonstrated  by  Cases  18--1  and  18-2, which  were  identical 
to  Case  18  except  for  decreased  and  increased  fuselage  roll  inertia  respectively. 
For  Cases  15  > 15-A.,  and  I5B,  and  Cases  28  and  28-1,  all  with  aft  effective  c.g, 
locations,  increasing  fuselage  roll  inertia  resulted  in  increased  flutter  speeds. 

For  configurations  of  the  type  tested,  the  stability  boundaries  of  Figs.  $2 
and  53  indicate  that  for  those  configurations  with  negative  or  slightly  positive 
the  lowest  critical  flutter  speed  will  be  in  the  symmetric  mode,  and  for  those 
configurations  with  appreciably  positive  yjj|,  the  lowest  critical  flutter  speed 
will  be  in  the  antisymmetric  mode. 

In  contrast  to  the'  straight  wing,  it  was  found  that  for  the  antisymmetric 
cases  tested,  flutter  was  not  obtained  when  the  first  and  second  coupled  mode 
nodal  lines  intersected  forward  of  the  quarter  chord.  In  those  cases  where  the 
point  of  intersection  fell  on  or  aft  of  the  q'uarter  chord,  flutter  was  obtained. 
Furthermore,  the  flutter  speed  was  lower  the  further  aft  the  point  of  intersection, 
as  is  shown  in  Fig.  5^.  This  suggests  that  for  antisymmetric  root  conditions, 
the  actual  tip  pod  c.g.  location  is  a more  important  flutter  parameter  than  the 
effective  c.g.  location,  as  it  can  be  shown  (see  Appendix  II)  that,  for  wings 
with  hea-yy  tip  pods,  the  location  of  the  coupled  mode  nodal  line  intersection 
point  is  simply  related  to- the  actual  tip  pod  c.g.  location.  Thus  the  similarity 
in  trends  shown  by  the  curves  of  Fig.  5^  is  to  be  expected.  This  dependence  of 
stability  on  the  location  of  the  actual  tip  pod  c.g.  and  the  in^ortance  of  the 
quarter  chord  as  a reference  point,  is  analogous  to  results  obtained  from  analyses 
of  straight  wing  configurations  based  on  rigid  body  translation  vs.  rigid  body 
pitch  vs.  one  fundamental  symmetric  elastic  mode.  Thus  it  is  of  interest  to  note 
that  the  flutter  loops  derived  from  the  analyses  of  the  antisymmetric  configura- 
tions (Figs.  50  and  51,  pp.  6l  and  62)  resemble  tho:  obtained  from  analyses  for 
such  symmetric  configurations  of  straight  wings. 
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Do  Flutter  Analyses 

For  the  most  part,  the  flutter  analyses  confirmed  the  trends  of  the 
experimental  results.  Referring  to  Table  9,  p.  63,  it  can  he  seen  that,  with 
the  exception  of  Case  4 antisymmetric,  the  analyses  based  on  two  dimensional 
aerodynamics  resulted  in  good  correlation  with  the  experimental  data;  the 
analyses  based  on  finite  wing  aerodynamics,  except  for  Case  3 cantilever, 
yielded  appreciably  unconservative  flutter  speeds. 

Sources  of  errors  in  the  analyses,  other  than  those  inherent  in  the 
non-s tat ionary  aerodynamics  of  swept  wings  and  the  assun^tions  on  which  the  tip 
pod  aerodynamics  were  based,  are:  inaccuracies  in  the  mass  and  stiffness  data, 
the  assumption  of  Case  3 cantilever  mode  shapes  for  Case  4 analyses,  and  the 
manner  in  which  the  reflection  plane  at  the  wing  root  was  assumed  for  the  finite 

wing  analyses.  In  view  of  the  steepness  of  the  curves  of  Fig.  54,  it  appears  that 

small  errors  in  the  tip  pod  mass  data  and  the  wing  stiffness  data  as  reflected  in 
nodal  line  location,  can  have  considerable  effect  on  the  results  of  the  anti- 
symmetric mode  flutter  analyses.  It  is  felt  that  the  use  of  the  Case  3 cantilever 

mode  shapes  in  Case  4 analyses  resulted  in  relatively  small  errors  in  the  confuted 

results.  The  orientation  assumed  for  the  reflection  plane  at  the  wing  root  may 
have  introduced  significant  errors  in  the  analyses  based  on  finite  wing  aero- 
dynamics, It  would  be  of  interest  to  compare  the  data  with  the  results  of 
flutter  analyses  incorporating  finite  wing  aerodynamics  based  on  a reflection 
plane  parallel  to  the  free  stream  direction.  Because  of  the  high  VN/brCu  at 
flutter,  particularly  for  Case  4 antisymmetric,  pseudo-static  aerodynamic 
coefficients  would  probably  approximate  the  actual  oscillatory  aerodynamics  in 
a more  satisfactory  manner.  These  pseudo-static  coefficients  could  be  computed 
by  standard  methods  incorporating  the  proper  orientation  of  the  reflection  plane. 
The  better  representation  of  the  aerodynamics  at  high  Vjj/bj,uj's  given  by  such 
coefficients  should  result  in  more  accurate  flutter  analyses. 

An  interesting  feature  of  the  analyses  of  the  symmetric  cases  is  that 
at  frequency  ratios  larger  than  approximately  0,6,  Fjj/bj.(uJ^)cajit  essentially 
constant  and  independent  of  cantilever  frequency  ratio.  The  analyses  for  these 
cases  show  that,  at  the  values  of  T^/byO)  for  which  this  condition  occurs,  the 
effect  of  the  rigid  body  modes  on  the  elastic  modes  is  to  weaken  the  effective 
coupling  between  the  elastic  modes  to  such  an  extent  that  for 
greater  than  approximately  0,6,  the  solutions  are  unaffected  by  the  first 
cantilever  bending  mode.  The  analyses  indicate,  therefore,  that  for  these 
frequency  ratios,  the  flutter  mode  would  essentially  consist  of  the  first 
uncoupled  cantilever  torsion  vs.  rigid  body  translation  vs.  rigid  body  pitch 
modes.  The  value  of  h/'^at^cant  Case  4 was  0,67,  and  visual  observations 
during  the  flutter  tests  confirmed  that  the  flutter  mode  was  predominantly  of 
this  nature.  However,  it  is  not  clear  from  these  two  analyses  whether  this 
condition  wobld  be  obtained  for  other  swept-wing-with-tip-pod  configurations. 

It  should  be  noted  that  in  the  analyses,  the  approach  of  YN/b,.(00^)^nT't  ^ 

constant  value  coincides  with  an  approach  to  an  apparent  dan5)ed  resonance  in 
the  rigid  body  pitch  degree  of  freedom  assumed  for  the  analysis.  For  wings 
with  normal  sweep  angles,  this  apparent  resonance  wi  1 always  occur  at  some 
value  of  Vu/hpU)  , 


•< 
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Bren  thoiigh  the  translation  and  pitch  springs,  incorporated  in  the 
model  suspension  system  to  center  the  model  in  the  tunnel,  were  purposely- 
kept  soft,  the  symmetric  cases  analyzed  showed  some  sensitivity  to  rigid 
body  pitch  frequency,  although  damping  in  the  pitch  mode  of  the  order  of 
magnitude  encountered  in  the  tests  had  relatively  small  effect.  The  rigid 
body  translation  frequency  and  damping  had  negligible  effects,  as  the  fre- 
quency was  only  Ooh  that  of  the  rigid  body  pitch  frequency. 


In  the  process  of  performing  the  flutter  analyses,  an  arithmetic  error 
was  made  and  subsequently  corrected  in  the  tip  pod  aerodynamic  coefficients 
affecting  several  terms  in  the  flutter  determinant.  The  maximum  change  in, any 
aerodynamic  term  in  the  flutter  determinant  was  of  the’  order  of  IC^  (in  Ai?), 
yet  significant  changes  in  the  shapes  of  the  flutter  loops  of  the  symmetric 
cases  resulted,  particularly  for  the  Case  3 symmetric  finite  wing  analysis*  in 
which  a loop  similar  to  those  resulting  from  the  cantilever  analyses  all  but 
disappeared  in  the  corrected  results.  Investigation  of  the  reason  for  these 
results  indicates  that  the  predominant  effect  is  the  small  decrease  in  the  bending- 
torsion  coupling  term  which  markedly  aggravates  the  decoupling  effect  of  the  rigid 
body  modes.  This  suggests  that  the  flutter  characteristics  of  the  symmetric  con- 
figurations are  sensitive  to  relatively  small  changes  in  the  bending-torsion 
coupling  term  and  indicates  the  inportance  of  incorporating  accurate  tip  pod 
aerodynamics  and  accurate  values  of  tip  bending  slope  in  the  analyses.  It 
should  be  noted  that  this  is  particularly  true  for  those  nose-heavy  tip  pod 
configurations  with  rotary  inertia  and  mass  unbalance  couplings  of  comparable 
orders  of  magnitude,  i»e„,  mj^2  near  zero. 


. %Ar(^oo)cant  vs,  (u)  h/uJoj,)cant  curves  for  the  antisymmetric  cases, 

shown  in  igs,  50  and  51,  pp,  6l  and  62,  bear  no  resemblance  to  the  usual  type 
of  flutter  loop,  however,  as  previously  noted,  there  is  some  similarity  to  low 
frequency  dynamic  instability  curves.  Although  the  computed  flutter  speeds  for 
these  cases  are  unconservative,  they  are  consistent  with  the  vibration  analyses 
in  that,  even  though  good  agreement  of  conputed  with  experimental  coupled  mode 
nodal  lines  was  obtained,  the  computed  nodal  line  intersection  points  for  both 
Cases  3 and  ^.antisymmetric  were  slightly  forward  of  the  experimental  points 

and  35),  On  the  basis  of  Fig,  54, 
p.  o9.  It  IS  therefore  to  be  expected  that  the  analyses  would  predict  greater 
stability  than  these  configurations  exhibited  during  the  flutter  tests.  It  is 
difficult  to  say,  without  additional  analysis,  whether  the  poor  correlation 
with  test  data  obtained  from  the  analysis  of  Case  4 antisymmetric  using  two 
dimensional  aerodynamic  coefficients  is  primarily  due  to  the  above  effect,  or 
to  inaccurate  aerodynamic  data  as  noted  previously. 


. . effect  of  the  roll  spring  was  destabilizing  in  the  analyses  of  the 

antisymmetric  cases,  in  that  increased  roll  frequency  reduced  the  flutter  speed 

although  dai^ing  in  roll  of  the  order  of  magnitude  present  during  the  tests  had 
negligible  effect. 


VII.  CONCLUSIONS  AND  EEC Ol^MENDAT IONS 


It  may  be  generally  concluded  that  the  objectives  of  this  program  were 
achieved.  Considerable  flutter  data  covering  a wide  range  of  tip  pod  mass 
properties  was  obtained,  and  theoretical  comparisons  with  the  experimental 
data  were  made.  From  these  data  and  the  theoretical  analyses,  it  may  be 
further  concluded  that; 

1.  As  in  the  case  of  straight  wings  with  large  tip  pods,  fuselage 
and  tip  pod  mass  parameters  dominate  wing  mass  parameters. 

2.  For  the  symmetric  and  cantilever  configurations  tested,  those  with 

il  near  zero  resulted  in  the  lowest  values  of  ^N/^r^'^  ^cant* 
antisymmetric  cases,  in  general,  showed  decreasing  stability  with 
increasingly  positive  values  of 

3.  Configurations  with  appreciably  negative  values  of  ^j;,  obtainable 

by  the  use  of  tip  pods  sufficiently  nose-heavy  to  decisively  override 
the  rotary  inertia  coupling,  were  more  stable  for  both  symmetric  and 
antisymmetric  root  conditions  than  configurations  with  correspondingly 
positive  values. 

4.  The  actual  tip  pod  c.g.  location,  as  reflected  in  the  intersection 
point  of  the  first  two  coupled  mode  nodal  lines,  is  a fundamental 
parameter  in  the  antisymmetric  flutter  mode  of  swept  wings  with 
heavy  tip  pods.  Test  configurations  were  stable  for  intersection 
points  forward  of  the  wing  quarter  chord,  and  were  increasingly 
unstable  for  intersection  points  aft  of  the  quarter  chord, 

5.  ^he  sensitivity  of  the  vibration  and  flutter  analyses  of  nose-heavy 
configurations  to  tip  bending  slope  siiggests  that  it  might  be  possible 
to  reduce  the  large  rotary  inertia  effects  in  the  bending-torsion 

mass  coupling  by  small  adjustments  of  the  flexural  rigidity  distribution. 

6.  Computed  results  from  analyses  based  on  strip  theory  aerodynamics, 
with  one  exception,  gave  good  agreement  with  experimental  results, 
whereas  analyses  based  on  finite  wing  aerodynamics  in  general  yielded 
appreciably  unconservative  flutter  speeds. 

7.  Tip  pod  aerodynamics  are  important  in  the  flutter  analyses  of  con- 
figurations of  the  type  tested.  Errors  of  the  order  of  magnitude  of 
the  tip  pod  aerodynamics  may  produce  large  differences  in  computed 
flutter  characteristics. 


8,  fhe  in^jortant  dynamic  differences  between  the  swept  wing  results 
and  the  straight  wing  results  of  Part  1 of  this  report  are;  the 
influence  of  the  tip  pod  rotary  inertia  coupling  effects  on  the 
vibration  and  flutter  characteristics  of  the  swept  wing;  the 
dissimilarities  between  the  straight  and  swept  wing  symmetric  and 
antisymmetric  coupled  modes;  the  occurrence  of  flutter  in  the 
cantilever  and  in  the  symmetric  modes  for  swept  wing  configurations 
with  negative  as  well  as  positive  and,  in  general,  the  non- 

oco\irrence  of  antisymmetric  mode  flutter  for  swept  wing  configurations 
with  negative 

It  is  recommended  that; 

1.  Further  investigations  be  made  of  the  oscillatory  aerodynamics  of 
swept-wing-tip-pod  configurations,  for  use  in  flutter  analyses, 

2.  Data  be  obtained  for  the  flutter  of  swept  wings  with  large  tip  pods 
in  the  compressible  flow  region. 

3.  Flutter  tests,  similar  to  the  present  program,  be  made  on  swept  wings 
with  heavy  tip  pods  to  further  investigate  the  stability  in  the 
symmetric  mode  with  respect  to  the  effective  c,g.  location.  It  is 
believed  that  the  maximum  information  would  result  if  such  tests 
were  made  on  groups  of  configurations,  each  with  constant  cantilever 
frequency  ratio  and  fixed  tip  pod  pitch  moment  of  inertia, 

4'.  Ftirther  analytical  flutter  investigations  be  made  using  the  experi- 
mental data  of  this  report  and  incorporating  finite  wing  pseudo-static 
aerodynamic  coefficients. 
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APPENDIX  I 

DETAILS  OF  ANALYSES 


A,  Flutter  Analysis  For  Symmetric  Cases 

The  dynamic  equations  of  motion  for  first  cantilever  wing  bending  ve 
first  cantilever  wing  torsion  vs  airplane  rigid  body  translation  vs  alrj^ne 

rigid  body  pitch  flutter  are 
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^^tj) N > (^ij^s  $ are  the  non-dijnenslonallzed 

aerodynamic  terms  due  to  the  velocity  component  normal  to  the  elastic  axis, 
the  velocity  component  parallel  to  the  elastic  axis,  and  the  tip  pod  re- 
spectively, These  are  defined  on  pp.  80  to  83. 

Wij  are  the  non-dimenslonalized  effective  mass  terms  of  the  wing, 
fuselage,  tip  pod  combination  and  are  defined  on  pp.  78  and  79. 

The  generalized  ooovdina.te3Hryhf,,H^f\Hf*^/^f,f&ridH^^j^^^  represent 
the  non-dimensional  tip  amplitudes  in  first  cantilever  bending,  first  can- 
tilever torsion,  rigid  body  translation,  and  rigid  body  pitch  to  which  the 
mode  shapes  have  been  normalized. 
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B,  flutter  Analysis  For  Cantilever  Cases 

The  dynamic  equations  of  motion  for  first  cantilever  wing  bending 
vs  first  cantilever  wing  torsion  flutter  are 


m 

m W 

where  f//,  l.J  - >.  2.  are  defined  as  on  p,  75 • 


C,  Flutter  Analysis  For  Anti-Symmetric  Cases 


The  dynamic  equations  of  motion  for  first  cantilever  wing  bending 
vs  first  cantilever  wing  torsion  vs  airplane  rigid  body  roll  flutter  are 
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^77  • ”77  [ I -f V 

and 

‘^ij  “ * (‘^iJ)t  t 'V 

(Aij)  N * r'^,-j)s . axi&CA(j)^&TQ  defined  on  pp,  64  and  85. 

/77  . . are  defined  on  p,  79. 

• •/ 

Hf/b,  is  the  non-dimensional  tip  amplitude  in  rigid  body  roll. 


D.  Definitions  of  Mechanical  Terms 

For  coordinate  system  used,  see  Fig,  45 i p.  55. 
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. Definitions  of  Aerodynamic  Terms 


For  coordinate  system  used,  see  Fig.  45»  p.  55. 
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F.  Tip  Pod  Aerodynamic  Effects 


JjOCrn  = 


TT  (3  2£ctp 


u _ 

«CCQ1 


'TT/O'b 


where 


L 


M. 


e.a. 


^ cosA.-  sinyV=  angle  of  attack  of  the  tip  pod 

normal  to  the  tip  pod  centerline  at  the  elastic  axis 
lift  on  the  tip  pod,  in  Ih. 

aerodynamic  moment  on  the  tip  pod  about  an  axis  normal  to  the  tip  pod 
centerline  at  the  elastic  ojcis,  in  lb. -in. 
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APPENDIX  II 

ON  ANTISYMMETRIC  NODAL  LINES 


For  wings  with  heavy  tip  pods  the  first  two  coupled  antisymmetric 
vibration  modes  may  be  determined  quite  accurately  by  considering  only  three 
uncoupled  degrees  of  freedom;  rigid  body  roll,  first  \incoupled  cantilever 
bending,  first  uncoupled  cantilever  torsion. 

It  is  noted  in  Section  VI  of  the  body  of  this  report  that  the  chord- 
wise  location  of  the  point  of  Intersection  of  the  two  nodal  lines,  corresponding 
to  these  two  coupled  modes  for  a particular  configuration,  bears  some  important 
relationship  to  the  critical  flutter  speed  of  that  configuration.  It  is  obvi- 
ously of  Interest  to  determine  what  basic  mechanical  properties  of  the  wing 
are  involved  in  locating  this  intersection  point  at  its  particular  chordwise 
position.  It  is  shovm  in  this  Appendix  that,  to  a first  approximation,  this 
Intersection  point  is  primarily  dependent  on  the  location  of  the  tip  pod  c.g. 


The  equation  of  motion  for  the  roll  degree  of  freedom  is; 


where,  from  Appendix  I,  p.  79, 
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At  any  spanwise  station,/  , along  the  elastic  axis,  the  perpen- 
dicular distance  from  th©  elastic  axis  to  the  nodal  line  in  either  of  the 
two  coupled  modes  is  given  by 
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location  of. the  intersection  point  of  the  two  coupled  mode  nodal  lines. 
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and  from  equation  (6),  the  spanwise  location  of  the  intersection  point  of  the 
two  coupled  mode  nodal  lines,  Xp  , is  determined.  By  inserting  equation  (6) 
into  equation  (5),  the  chordwise  location  of  the  intersection  point,  in  first 
approximation,  is  found  to  be 
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Thus  there  is  a fundamental  dependence  of  y on  the  tip  pod  c.g. 
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SUHtIA3Y  OP  MODEL  COIIPIOUHATIOHS 
AMD  EXPiSIrfEHTAL  DATA 
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2.4 

2.2 
2.0 

2.5 

2.3 
1.8 
2.3 
2.8 

3.0 
2.4 
2.3 

3.1 
3.1 

3.0 
3.7 

4.0 

150 

138 

139 
120 
160 

Ab( 

Ab( 

230 

2.4 

1.9 

1.8 

2.8 

2.2 

>ve  257 
)ve  155 
3.7 

16 

18 

19 

11 

18 

i^h 

mph 

1^ 

13.9 

16.7 

18.6 

9.6 

18.0 

>34.6 

>13.3 

14.4 

Symmetrio  Case:  Wy  = I55.7  lb.,  Sy  = -1287  lb. -In.,  ly  * 8866O  Ib.-ln.^ 

33A 

52.6 

+ 4l6 

19820 

+0.710 

0.902 

0.40 

2.5 

3.8 

165 

EB 

13 

14.2 

Sjrmmatrlo  Cade:  Wy  = 155.7  lb.  - Pitch  loeked 

33B 

52.6 

+ 416 

19820 

+0.710 

0.902 

0.40 

IB 

3.8 

175 

2.6 

17 

15.1 

Symnetrlo  Cass:  ly  = 88660  Ib.-ln.'^  - Translation  Loclced 

33c 

52.6 

+ 416 

1 

19820 

+0.710 

0.902 

0.40 

2.3 

EB 

151.5  2.0 

19 

13.0 

Antlsymmetrlo  Cases:  1^  = I7130  Ib.-ln.^ 

15B 

18-1 

46.5 

41.2 

+ 166 
- 468 

21390 

12040 

m 

0.780 

-0.780 

0.46 

0.46 

2.1 

3.9 

5.8 

5.8 

107  1 1.7  1 16 

Above  221  aq;>h 

9.7 

>14.9 

Antisymmetric  Cases:  = 331-30  Ib.-ln.^ 

3 

4 

10 

13 

15 

18 

19 

19A 

22 

28-1 

31 

42.7 

51.2 

33.2 

38.9 

46.5 

41.2 

41.2 

55.6 

36.3 

55.6 

21.8 

- 44.5 

- 423 

- 320 

-135 
+ 166 

- 468 

- 282 
+ 52 

- 767 

- 133 

- 180 

23040 

39520 

15050 

18770 

21390 

12040 

8350 

15010 

31610 

18700 

7350 

-0.093 

-0.742 

-0.866 

-0.312 

40.321 

-1.020 

-0.614 

40.084 

-1.898 

-0.215 

-0.742 

0.589 

0.352 

-0.262 

0.349 

0.780 

-0.780 

-0.350 

0.410 

-1.212 

0.250 

-0.250 

0.52 

0.67 

0.54 

0.51 

0.46 

0.46 

0.36 

0.37 

0.88 

0.43 

0.46 

2.1 

1.7 

2.8 

2.3 

3.6 

3.4 
2.3 

2.6 
2.2 
3.6 

I 

124 

174 

Abi 

147 

108 

Ab( 

Ab( 

132 

Ab< 

137 

243 

1.8 
1.7 

)ve  23a 
2.1 

1.7 

}ve  271 
3vs  22s 

1.8 

>ve  262 

1.9 

■5.0 

17 

26 

iiq>h 

18 

16 

n^b 

iQ)h 

18 

B^h 

18 

12 



11.5 

21.1 

>17.9 

12.3 

9.8 

>18.2 

>12.9 

9.9 
>28.4 

11.5 

13.0 

Antisymmetric  Cases:  ■ 41470  Ib.-in.^ 

18-2 

28 

41.2 

55.6 

- 468 

- 133 

12040 

18700 

-1.020 

-0.215 

-0.780 

0.250 

0.46 

0.43 

3.4 

2.2 

m 

Antisymmetric  Cases:  • 57200  Ib.-ln.^ 

15A 

30 

46.5 

51.0 

+ 166 
- 635 

2I89O 

14690 

40.321 

-1.118 

0.780 

0.46 

1.9 

3.1 

m 

119  1 1.6  1 19 

Above  265  iQih 

10.5 
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